Abstract Extracellular vesicles (EVs) have been implicated in tumorigenesis. Biomolecules which can block EV binding and uptake into recipient cells may be of therapeutic value as well as enhance understanding of EV biology. Here, we show that heparin interacts with uptake of tumor-derived as well as non-tumor-derived EVs into recipient cells. Incubation of glioma cell-derived EVs with heparin resulted in micron-sized structures observed by transmission electron microscopy, with EVs clearly visible within these structures. Inclusion of heparin greatly diminished transfer of labeled EVs from donor to recipient tumor cells. We also show a direct interaction between heparin and EVs using confocal microscopy. We found that the block in EV uptake was at the level of cell binding and not internalization. Finally, incubation of gliomaderived EVs containing EGFRvIII mRNA with heparin reduced transfer of this message to recipient cells. The effect of heparin on EVs uptake may provide a unique tool to study EV function. It may also foster research of heparin or its derivatives as a therapeutic for disease in which EVs play a role.
Introduction
The incidence of glioblastoma (GBM) is about 3.5 per 100,000 people per year with a mean overall survival of 1.5 years [1] . Research at the molecular level has begun to unravel some of the characteristics of glioma, which includes production of extracellular vesicles (EVs) [2] . EVs are 30-1000 nm diameter lipid structures produced by normal and tumor cells and they function in cell to cell communication [3] . The content and function of EVs vary depending on the cell of origin. For example, EVs derived from immune cells have potent immuno-stimulatory and antitumor effects in vivo [4] . On the other hand, EVs released from tumor cells can accelerate tumor growth [5, 6] . The observed functional effects of EVs have been attributed to associated proteins, mRNA, miRNA, and DNA [7] . The ability to block transfer of tumor-derived EVs containing oncogenic messages such as EGFRvIII into recipient cells is a potential anti-tumor strategy. We have shown that incubation of EVs from a cell line with heparin blocked their transfer into recipient cells [8] . In the present study we examined whether heparin can be utilized to block EV uptake and transfer of biomolecules from glioma-derived EVs into recipient cells.
Materials and methods

Cell culture
The human GBM cell line U87-MG and the human embryonic kidney cell line, 293T were purchased from the American Type Culture Collection (Manassas, VA). The human glioma cell line, Gli36, was obtained from Dr. Anthony Capanogni (University of California at Los Angeles, Los Angeles, CA). Gli36 were transduced with retroviral vector encoding EGFRvIII [9] . Primary GBM cells GBM11/5 have been described [10] . All of the above cells were cultured in high glucose Dulbecco's modified Eagle's medium (DMEM) (Invitrogen, Carlsbad, CA) supplemented with 10 % fetal bovine serum (FBS) (Sigma) and penicillin/streptomycin (100 U/ml; 100 lg/ml; Invitrogen, Carlsbad, CA) in a humidified atmosphere supplemented with 5 % CO 2 at 37°C. The primary medulloblastoma cell line D384 was obtained from Dr. S. Pomeroy (Duke University). They were cultured in DMEM containing 10 % FBS, GlutaMAX TM (Invitrogen) and 1 % penicillin/streptomycin. Human umbilical vein endothelial cells (HUVECs) were provided by Drs. Francis W. Luscinskas and Kay Case (Cell Core Facility, Brigham and Women's Hospital). HUVECs were cultured in gelatin-coated flasks in endothelial basal medium (Lonza, Allendale, NJ) supplemented with human epidermal growth factor (hEGF), hydrocortisone and GA-1000 (all from Lonza).
Heparin
We used heparin sodium salt, 5,000 USP U/ml, (APP Pharmaceuticals, LLC, Schaumburg, IL) and heparin sodium salt from porcine intestinal mucosa, 180 USP U/mg (Sigma).
Extracellular vesicle isolation
Cells were grown for 48 h in 15 cm cultures plates (*5 million cells plated) in 20 ml DMEM containing 5 % EVdepleted FBS. For each experiment, EVs were purified from 40 to 80 ml of conditioned media by differential centrifugation. Briefly, media was centrifuged 3009g for 10 min at 4°C followed by 2,0009g for 5 min at 4°C to pellet dead cells and debris. The supernatant was then filtered through 0.8 lm filter (Thermo Scientific, Lafayette, CO) and ultracentrifuged at 100,0009g for 80 min in a 70Ti rotor. The EV pellet was washed in 12 ml cold 1 9 PBS and re-pelleted at 100,0009g for 60 min in a MLA-55 rotor. The resuspended EV pellet was used for experiments.
Transwell system to measure donor to recipient cell EV transfer Recipient cells were plated (50,000 cells/well) in a 24-well plate. After 24 h, cells were washed and incubated for 30 min at 37°C in DMEM containing 10 % EV-depleted FBS. Next, heparin was added at the indicated concentration and PKH67-labeled donor cells (50,000 cells/well) were placed in a transwell chamber (1 lm nominal pore size) on top of recipient cells. After 48 h, recipient cells were analyzed for PKH-67 labeling (indicative of EV uptake) using a BD LSRII flow cytometer (Becton-Dickinson, Franklin Lakes, NJ) and analysis software (FlowJo, Ashland, OR).
PKH67 labeling of EVs and direct EV transfer to recipient cells
Purified EVs from 40 ml conditioned media of cells were incubated with the PKH67 green-fluorescent labeling dye (Sigma-Aldrich) at room temperature (RT) for 3 min, as described [10] and washed 2 times to remove unbound dye. Next labeled EVs were incubated in control buffer (PBS) or PBS with 20 lg/ml of heparin for 30 min at room temperature. Then these mixtures were added to wells of recipient cells plated on glass coverslips in 12 well plates. After a 1 h incubation at 37°C cells were washed in PBS and then fixed in 4 % formaldehyde in PBS before analysis by fluorescence microscopy. Images were acquired using the FITC filter set using the same acquisition settings for all samples. Three images per well of three independent wells were acquired per condition. Images were analyzed for fluorescence intensity using ImageJ. Integrated density was calculated using instructions found on the NIH's ImageJ website (http://rsbweb.nih.gov/ij/index.html).
Transmission electron microscopy
Purified EVs from 40 ml conditioned media of U87-MG and GBM11/5 cells were resuspended in 1 9 PBS. After incubation (30 min) with heparin, freshly prepared 4 % formaldehyde was added to samples before being processed. Fresh carbon-coated grids were placed on top of a drop of the EV suspension. Next, grids were placed directly on top of a drop of 2 % uranyl acetate. The grids were examined with a Technai-12 G2 Spirit Biotwin transmission electron microscope (FEI, Eindhoven, The Netherlands).
Heparin-binding assays
EV/heparin colocalization
For the microscopic visualization of binding of EVs with heparin, 293T cells were plated and labeled with CellTracker TM Red (Life Technologies, Grand Island, NY) according to manufacturer's recommendations. Briefly, 2 9 10 6 293T cells plated in 100 mm dish were incubated with CellTracker TM Red in plain media in 37°C for 30 min followed by a change to normal culture media. Culture media containing EV-depleted FBS was added after 24 h and 293T-derived red EVs were isolated after 48 h according to the ultracentrifugation steps described above.
Next, 10 lg of EVs were mixed with 100 lg/ml of FITC-heparin overnight at 4°C. FITC-heparin incubated with 1 9 PBS without EVs served as negative control. The following day, EVs were pelleted by ultracentrifugation at 100,0009g for 2 h in an Optima MAX-XP ultracentrifuge (Beckman Coulter; MLS-50 rotor). Pellets from each sample were resuspended in 150 ll 1 9 PBS. Ten microliters of each sample were analyzed in duplicate with confocal imaging using a Zeiss LSM 5 Pascal laser-scanning confocal microscope (Zeiss, Oberkochen, Germany). Images were acquired using a 10, 40 or 63 PlanApo (NA 1.4) differential interference contrast (DIC) objective on an inverted microscope (Axiovert 200 M, Zeiss) equipped with an LSM 510META scan head (Zeiss). Argon ion (488 nm) and HeNe (543 nm) lasers were used for excitation. Green and red fluorescence emissions were detected through BP 505-530 and 560-615 filters, respectively. EV/heparin pelleting assay U87-derived EVs were first labeled with PKH67 dye. After removing unbound dye by ultracentrifugation wash steps, EVs were mixed with PBS, or 100 lg/ml of either heparin or streptavidin for 30 min at room temperature. Next samples were centrifuged for 2 h at 100,0009g. EV pellets were resuspended in equal volumes of PBS and fluorescence measured in a FlexStation 3 microplate reader (Molecular Devices, Sunnyvale, CA) using SoftMax Pro software (Molecular Devices).
Heparin/cell preincubation U87 cells were incubated on ice with 200 lg/ml of heparin or PBS as control for 30 min. Next wells were washed three times with PBS to remove unbound heparin. PKH67-labeled U87-derived EVs were next added to wells and cells incubated at 37°C for 1 h before fixing in 4 % formaldehyde and visualization by fluorescence microscopy.
EGFRvIII mRNA-uptake assay
EV quantitation
Purified EVs were analyzed for their protein content using Quick Start TM Bradford assay (Bio-Rad, Hercules, CA) and particle concentration using the Nanosight LM10 nanoparticle characterization system (NanoSight, Wiltshire, UK).
RNA isolation from donor cell EVs
Gli36-EGFRvIII-derived EVs obtained from 40 ml conditioned media were purified by differential centrifugation (as described above). For RNA isolation, a total of 1.0 9 10 10 EVs and a total of 2.5 9 10 7 cells were used. The EVs were treated with DNAse (DNA-free kit: Ambion Ò , Life Technologies, Grand Island, NY) and RNAse inhibitors (Fermentas, Thermo Scientific). Next, the EVs were lysed in 700 ll of Qiazol reagent (Qiagen Valencia, CA). Nucleic acid was extracted using the miRNeasy kit (Qiagen). Total RNA was eluted in RNAse-free water. The quantity and size range of the nucleic acids were evaluated using the 2100 Bioanalyzer (Agilent, Santa Clara, CA) using the RNA 6000 pico chip (Agilent) [10] .
EGFRvIII mRNA uptake
To detect transfer of mRNA by EVs into recipient cells, 50,000 cells/well were plated. Purified EVs (3.3 9 10 9 ) from 40 ml conditioned media of Gli36-EGFRvIII cells were incubated with or without 100 lg/ml heparin in 1 9 PBS at RT for 30 min. This mixture was then added to cells. After 3 h, cells were washed with 1 9 PBS. Next cells were lysed in 700 ll of Qiazol reagent (Qiagen). In some experiments, cells were trypsinized and washed before lysing. Nucleic acid was extracted using the miRNeasy kit (Qiagen). Quantity of the nucleic acid was evaluated using the Nanodrop ND-1000 (Thermo Fisher Scientific Inc.).
cDNA reaction
Five hundred ng of cellular RNA was used as input for cDNA reaction using the SuperScript Ò VILO TM (Invitrogen) in a total of 20 ll. The cDNA synthesis program consisted of 1 cycle at 25°C for 10 min, 1 cycle at 60°C for 60 min, 1 cycle at 85°C for 5 min.
RT-qPCR 1 ll of cDNA was used for each RT-qPCR reaction. Primers and TaqMan MGB probes (Life Technologies) were used to detect human EGFRvIII and GAPDH RNA from cells or EVs. All RT-qPCR reactions were performed in 25 ll reactions using the fast TaqMan MasterMix (Applied Biosystems). Amplification conditions consisted of 1 cycle at 50°C for 2 min, 1 cycle at 95°C for 10 min, 40 cycles at 95°C, for 15 s, 1 cycle at 60°C for 1 min on standard mode and were performed using ABI PRISM 7500 (Applied Biosystems). The EGFRvIII primers were Forw: CTGCTGGC TGCGCTCTG, Reverse: CGTGATCTGTCACCACATAA TTACC and the probe TTCCTCCAGAGCCCGACT. The GAPDH probe and primer kit was purchased from Life Technologies (Hs03929097_g1, Cat. # 4331182).
Statistics
Statistical analysis was performed using Graphpad Prism Ò software (version 5.01; La Jolla, CA). Multiple comparisons between groups were performed by a two-way ANOVA test. Statistical significance between two groups was determined using an unpaired t test with statistical significance set to a value of 0.05.
Results
Heparin interferes with tumor derived-EV uptake by recipient cells
To test the ability of heparin to inhibit transfer of tumorderived EVs, we used a co-culture system (Fig. 1a) . Donor cells were PKH67-labeled ( Supplementary Fig. 1 ) and plated in the top chamber of a transwell dish and the unlabeled recipient cells were plated in the bottom chamber (with different concentrations of heparin added to the media). This allows PKH67-labeled EVs produced by donor cells to pass to the lower chamber while keeping cells separated (Fig. 1a and [11] ). After 48 h, using flow cytometry, we measured transfer of EVs from PKH67-labeled D384 donor cells to recipient cells (GBM11/5 or U87-MG) at various concentrations of heparin (Fig. 1b) . The lowest heparin concentration tested, 0.1 lg/ml, achieved a 90 % reduction in EV uptake in U87-MG cells, while for GBM11/5 similar block was achieved at a 10-fold higher dose (1 lg/ml) with a reduction of 95 % (Fig 1b, p \ 0.05) . Next, we used PKH67-labeleld GBM11/5, Gli36-EGFRvIII, and U87-MG donor cells in the transwell system on unlabeled recipient cells of the same type at 20 lg/ml of heparin. Heparin caused uptake reduction ranging from 62 to 86 % (Fig. 1c , p \ 0.05). We also performed controls to rule out that our observed blocking effect of labeled recipient cells was due to a heparin/free PKH67 dye interaction. First we measured the fluorescence intensity of PKH67 incubated with PBS or PBS containing different concentrations of heparin and we observed no significant reduction even at high heparin concentrations ( Supplementary Fig. 2 ). Next we examined whether heparin would block the labeling of cells with free dye in the transwell system and we found no such effect, indicating the block we observed in Fig. 1a -c was due to a heparin/EV interaction and not free dye ( Supplementary  Fig. 3 ). Finally, we observed the phenotype of the labeled vesicles in the cells and the staining pattern gave the characterstic punctate dot structures within the cells, indicated dye was associated with EVs ( Supplementary Fig. 4 ). Another possible explanation for the observed lower labeling of recipient cells is that heparin may have effected biogenesis or release of labeled EVs from the donor cell. To test this hypothesis, we incubated GBM 11/5, U87, and D384 with or without heparin at 100 lg/ml for 24 h. Next EVs were harvested by ultracentrifugation and the pellets resuspended in PBS and counted by nanoparticle tracking analysis (NTA). We found no significant differences in the level of vesicles produced by any tested cell in the presence of heparin compared to the cell incubated in control media (Supplementary Fig. 5 ). To examine whether EV-uptake block is specific for tumor cells, we compared uptake of PKH67-labeled tumor EVs into tumor recipient cells (both U87 and GBM 11/5) with uptake of PKH67-labeled 293T-derived EVs or HUVEC EVs to unlabeled HUVEC recipient cells. For U87 and GBM11/5 EVs/cells 20 lg/ml heparin reduce the uptake by 81 and 68 %, respectively (Fig. 1d, p \ 0.05) . A 53 and 30 % reduction (Fig. 1d , p \ 0.05) occurred in HUVEC cell uptake of labeled 293T or HUVEC-derived EVs, respectively, in the presence of 20 lg/ml heparin indicating that the blocking effect is universal for both tumor cells and HUVECs, although tumor EVs/cells seem to be more sensitive to the blocking effects.
Heparin binds to and causes aggregation of EVs TEM was performed on U87-MG and GBM11/5-derived EVs in the presence of 0, 0.1, 1.0, 10, and 100 lg/ml heparin. Interestingly, we observed increasingly larger clusters/networks of EVs as the heparin concentration increased (Fig. 2a, Supplementary Figs. 6, 7) . These aggregates were rarely observed in the absence of heparin (Fig. 2a, 0 lg/ml) . Quantification showed an increase in cluster formation and increased area occupied in viewing fields by the EV network as the concentration of heparin increased (Fig. 2b) . The TEM analysis suggests direct binding of EVs by heparin, causing aggregation of EVs. Zeta potential predicts the likelihood that suspensions of nanoparticles will aggregate. The zeta potential of U87-MG-derived EVs was determined using electrophoretic light scattering to be -39.1. Addition of 100 lg/ml heparin reduced the zeta potential to -32.6 ( Supplementary Fig. 8 , p = 0.0033). This supports the TEM data that heparin mediates EV aggregation by binding.
To attempt to colocalize FITC-heparin with EVs, we labeled EVs derived from U87-MG, with the red-fluorescent membrane dye, red CMTPX. The EVs collected from these cells were added to FITC-heparin and incubated overnight at 4°C. Next, EVs were visualized by confocal microscopy at different magnifications. We observed varying sized aggregates and the red-labeled EVs colocalized with FITC-heparin in U87 derived EVs (Fig. 2c) as well as GBM11/5 and 293T cells derived EVs (Supplementary Fig. 9 ).We hypothesized that the large micronsized structures observed with heparin and EVs by TEM would allow a more efficient pelleting efficiency when centrifuged. We mixed PKH67 labeled U87 EVs with (a) PBS, (b) heparin, or (c) streptavidin (as a negative control). Next EVs were pelleted for 2 h at 100,0009g and then resuspended in PBS and read using a fluorescence microplate reader. Incubating EVs with heparin lead to the highest recover of EVs (measured by PKH67 fluorescence)
over EVs alone and EVs incubated with streptavidin (Fig. 2d) . We also considered the possibility that heparin could also bind the cell surface and block EVs from interaction with receptors on the cell surface. To test this, U87 recipient cells were coated with heparin (or PBS alone for control) on ice and free heparin removed by washing with PBS. Next PKH67-labeled U87 EVs were added and the cells switched to 37°C to allow internalization. We observed a large reduction (4-fold) in EV uptake compared to EVs alone (Fig. 2e) . We also incubated EVs and heparin in solution before adding to cells as done in Fig. 1d as control. with EVs increases their pelleting efficiency. PKH67 labeled U87 EVs were mixed with PBS, heparin, or streptavidin and pelleted 2 h at 100,0009g. Pelleted EVs were resuspended and fluorescence activity measured using a plate reader. e Binding heparin to cells reduces EV uptake. U87 glioma cells were incubated on ice with PBS or heparin (200 lg/ml) before adding PKH67 labeled U87-derived EVs. For control we incubated heparin and EVs at room temperature (EVs ? heparin) before adding to cells. Magnification 9 20 Heparin partially blocks transfer of EGFRvIII mRNA in EVs into recipient cells
We next investigated whether heparin can be utilized as a blocking agent to prevent EV-mediated transfer of cellular genetic information into recipient cells. We selected to assay transfer of unique message from the oncogene EGFRvIII. Gli36 cells stably expressing EGFRvIII were used as donor cells. High levels of EGFRvIII mRNA (normalized to GAPDH mRNA) were detected by reverse-transcriptase qPCR (RT-qPCR) in both cellular RNA as well as EV RNA from these cells (Fig. 3a) . We next attempted to see if we could detect transfer of EGFRvIII mRNA into U87-MG cells which do not express the mutant form of EGFR. 3.3 9 10 9
Gli36-EGFRvIII-derived EVs were added to each well of U87-MG cells and incubated for 3 h at 37°C. RNA was extracted from U87-MG cells and RT-qPCR performed for EGFRvIII and GAPDH mRNA levels. EGFRvIII mRNA was detected in U87-MG cells exposed to EVs (average Ct value, 31.2) while it was not detectable after 40 cycles in U87-MG cells not exposed to EVs (data not shown). We next compared EGFRvIII mRNA values normalized to GAPDH mRNA values for cells exposed to EVs with those of the input vesicles. We found detectable EGFRvIII mRNA in recipient cells (Fig. 3b) . To confirm that the detected EGFRvIII was on the inside of recipient cells and not just EVs that bound to the cell surface, after the 3 h incubation step with EGFRvIII-containing EVs, we washed cells and incubated with trypsin (or PBS as control). RNA was isolated and RT-qPCR performed as before. No statistically significant difference in GAPDHnormalized EGFRvIII mRNA levels was detected with or without trypsin treatment indicating the message we are detecting is protected on the inside of the recipient cells (Fig. 3c) . We confirmed that the mRNA signal was on the cell interior by incubating U87 cells for 3 h with PKH67-labeled Gli36-EGFRvIII-derived EVs. It was clear from this experiment that the signal was coming from vesicular structures within the cell interior and not the cell surface (Supplementary Fig. 10a, b) . To see if heparin could block the uptake of EV-cargoed EGFRvIII mRNA, we mixed EVs with PBS or 100 lg/ml heparin for 30 min at RT before adding to cells for 3 h of incubation at 37°C. Next, the cells were washed, lysed for RNA extraction and followed by RT-qPCR for EGFRvIII and GAPDH messages in recipient cells. We observed a significant 49 % reduction in the level of oncogene EGFRvIII cDNA in the presence of heparin indicating that heparin can be utilized to block uptake of EV contents into recipient cells (Fig. 3d , p = 0.014).
Heparin interferes with EV binding to cell surface
To understand whether heparin was blocking the binding of EVs to the cell surface or blocking internalization, we incubated PKH67-labeled Gli36-EGFRvIII-derived EVs with or without 100 lg/ml heparin for 30 min at RT. Next, mixtures were transferred to plated recipient U87-MG cells incubated on ice to prevent cellular internalization. After binding for 30 min, any unbound EVs were rinsed off with PBS and the cells fixed before analysis by confocal fluorescence microscopy. Interestingly, heparin greatly blocked binding of EVs to the recipient cell ( Supplementary  Fig. 11a ). In another set of wells, we rinsed cells after the 30 min binding on ice and incubated the cells at 37°C for 30 min and visualized internalization of PKH67-labeled EVs by z-stack analysis. Fluorescent signal was highest inside recipient cells in EV samples incubated without heparin ( Supplementary Fig. 11b ) but some internalized vesicles were also visualized in samples incubated with heparin ( Supplementary Fig. 11b ) indicating that heparin is Gli36-EGFRvIII derived EVs were added to cells and after 3 h at 37°C RNA was isolated and a RT-qPCR performed to detect EGFRvIII mRNA. After normalization to GAPDH the levels of EGFRvIII were compared to the input levels from donor cell EVs. n.d. = not detectable. c Detected EGFRvIII message is on the inside of recipient cells. After incubation for 3 h at 37°C, cells were washed and then incubated with trypsin to remove any EVs bound to the cell surface. Control samples were treated with PBS. RNA was isolated and EGFRvIII cDNA detected with RTqPCR. d Gli36-EGFRvIII derived EVs were incubated with or without heparin (100 lg/ml) for 30 min at RT and next were added directly to recipient U87-MG cells. After 3 h at 37°C, the total RNA of recipient cells was extracted and used for detection of EGFRvIII mRNA with RT-qPCR. Values were normalized to GAPDH and then compared to the levels in the absence of heparin which was arbitrarily set to 1.0. The depicted graph is representative of one of four independent experiments most likely blocking ligand binding of the EVs and not internalization per se.
Discussion
We recently observed that heparin blocks uptake of 293T-derived EVs into recipient 293T cells [8] . In the present study, we sought to test the hypothesis that heparin could be used to block uptake of EVs with the potential that this could be used as a tool to study EV function, as well as to develop a therapy for diseases in which EVs have a role in pathogenesis, including progression of cancer such as glioma.
We found heparin efficiently blocked transfer of brain tumor cell-derived EVs into recipient cells (Fig. 1) . Heparin interference with EV uptake may occur via more than one process. We detected direct interaction between EVs and heparin co-localization by microscopy ( Fig. 2c) , as well as aggregation of EVs in the presence of heparin by TEM (Fig. 2a, b) . One report exists using artificial giant phospholipid vesicles that heparin caused vesicle adhesion [12] which may support our observations by TEM. Although our binding assay suggest an association of heparin and EVs, it does not indicate the binding affinity and strength of the interaction, which remains to be determined. We also show that binding to the cell surface is blocked by heparin (Supplementary Fig. 11a ). This may indicate that EVs contain ligands which bind directly with heparin and that heparin is acting as a decoy for the bona fide receptor on recipient cells (e.g. heparan sulfate proteoglycans, HSPGs). However, since the assays for the blocking experiments (Fig. 1) used a molar excess of heparin, it is possible that heparin may also bind to and block a cell surface receptor utilized by EVs for binding. HSPGs have also been reported to be on the surface of EVs [13, 14] , suggesting that HSPGs on the surface of EVs may bind to an EV-binding ligand on the cell surface. In fact when we bound heparin to cells on ice and then added, labeled EVs, uptake was dramatically reduced (Fig. 2e) . This may suggest that heparin can bind to both the EV and cell surface to prevent EV internalization.
In addition to the block in uptake of tumor-derived EVs, we explored whether heparin could block the uptake of EVs into primary HUVECs (Fig. 1d) . This block was less than the inhibition of EV transfer by heparin observed between glioma cell donor and recipient cells (Fig. 1d) . This may indicate differences in receptor/ligand interplay at the cell and EV surfaces in different donor and recipient cell types. The apparent difference in blocking ability between normal and tumor-derived EVs may be important for therapeutic based applications where lower doses of heparin may preferentially block tumor-EV uptake while not interfering greatly with normal cell EVs.
Interestingly, several case reports suggest that in certain cases, heparin has anti-cancer effects in humans [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] . Animal studies have observed a decrease in metastasis with injection of heparin [25] [26] [27] . The mechanism for heparin's anti-metastatic effect in an animal model of cancer has been proposed to be a block in tumor cell/platelet interactions which is an interaction known to be important for metastasis [25] . In addition to this mechanism, it is possible that heparin's anti-cancer role may involve regulating uptake of EVs into recipient cells.
In conclusion, we show that heparin interacts directly with tumor-derived EVs and blocks binding of EVs by recipient cells. Blocking was observed at concentrations as low as 0.1 lg/ml, which is in the range of clinically acceptable heparin concentrations in plasma [28] . Although our results are preliminary, heparin or a more tumor-derived EV specific derivative may have clinical applications in the future to reduce effects of glioma-derived EVs containing environment-modifying cargo. In addition, the ability of heparin to block EV binding to cells provides a tool in assessing functional effect of EV cargo on different cell types.
